Purpose The aim of this work was to develop a milk-based powder formulation appropriate for pediatric delivery of ritonavir (RIT). Methods Ultra-high pressure homogenization (UHPH) at 0.1, 300 and 500 MPa was used to process a dispersion of pasteurized skim milk (SM) and ritonavir. Loading efficiency was determined by RP-HPLC-UV; characterization of RIT:SM systems was carried out by apparent average hydrodynamic diameter and rheological measurements as well as different analytical techniques including Trp fluorescence, UV spectroscopy, DSC, FTIR and SEM; and delivery capacity of casein micelles was determined by in vitro experiments promoting ritonavir release. Results Ritonavir interacted efficiently with milk proteins, especially, casein micelles, regardless of the processing pressure; however, results suggest that, at 0.1 MPa, ritonavir interacts with caseins at the micellar surface, whilst, at 300 and 500 MPa, ritonavir is integrated to the protein matrix during UHPH treatment. Likewise, in vitro experiments showed that ritonavir release from micellar casein systems is pH dependent; with a high retention of ritonavir during simulated gastric digestion and a rapid delivery under conditions simulating the small intestine environment. Conclusions Skim milk powder, especially, casein micelles are potentially suitable and efficient carrier systems to develop novel milk-based and low-ethanol powder formulations of ritonavir appropriate for pediatric applications.
INTRODUCTION
According to the World Health Organization (W.H.O) (1), an estimated 3.4 million children were living with HIV/AIDS at the end of 2011, 91% of them in resource-limited countries from sub-Saharan Africa where efficacious antiretroviral (ARV) treatments are still not widely accessible or available. In 2011, only 28% among affected children received an ARV treatment. According to the last revision of consolidated guidelines on the use of antiretroviral drugs for treating and preventing HIV infection carried out by W.H.O (1), the basic principles that guide the treatment of pediatric HIV infection are the same as for HIV-infected adults, due to the lack of appropriate pediatric ARV formulations and treatments. This is the case of ritonavir (RIT), an ARV drug developed by Abbott Laboratories (Table I) approved by the U.S. Food and Drug Administration (FDA) in October 3, 2005 for patients over 1 month in age (2) . Ritonavir (RIT) ( Table I) (3) is a potent HIV protease inhibitor (4) that is frequently prescribed in combination with other ARV agents (e.g., lopinavir, indinavir, and amprenavir) for the treatment of HIV-1 infections. RIT inhibits the cytochrome P450 3A (CYP3A)-mediated metabolism, resulting in increases ARV plasma levels and thus better efficacy (5) . Despite its potent ARV effect, RIT has undesirable side effects and important oral delivery problems due to its physicochemical properties challenging its administration to infants. Among them, the most important is its high hydrophobicity and low solubility in water (Table I) which lead to low dissolution rate in the gastrointestinal fluid and, hence, to insufficient bioavailability. The liquid formulation used in infants over 1 month contains 43% ethanol and was also described as having an "awful" flavor (bitter-metallic, medicinal, astringent, sour, and burning). Moreover, in contact with the stomach mucosa, ritonavir causes nausea, vomiting, and diarrhea (3) . Therefore, identifying strategies for alternative pediatric formulations of RIT and overcoming its poor aqueous solubility is needed to facilitate its oral administration to infants and children.
Over the past decade the use of naturally occurring biodegradable polymers for controlled and sustained release delivery of many drugs has increased dramatically as an alternative to synthetic polymers (6) . Among these, considerable interest in recent years has been shown in the use of carrier systems based on food proteins because they are comparatively inexpensive, widely available, non-toxic (Generally Recognized As Safe, GRAS), biodegradable, and have nutritional value and good sensory properties (7) . Commonly used natural food proteins include albumin and gelatin (8) ; however, although this topic has recently retained attention, there is limited research regarding the use of milk proteins (e.g., whey protein and caseins).
Caseins in bovine milk are amphiphilic proteins with various degrees of glycosylation and phosphorylation. The main casein proteins (α s1 -, α s2 -, β-, and κ-casein; molar ratio 4:1:4:1.3) naturally self-assemble, along with calcium phosphate nanoclusters, into highly stable micellar structures (9) . Milk casein micelles are nano-delivery systems for amino acids and calcium phosphates for neonates. Although the actual structure of the casein micelle is still under discussion, its structure has been described as a block-copolymer where α s1 -, α s2 -, and β-caseins are held together by hydrophobic interactions, hydrogen bonds, and the bridging of calcium phosphate nanoclusters (10) forming a hydrophobic core. This core is surrounded by charged and diffuse surface layer attributed to κ-casein, which stabilizes the micelles against coalescence by electrostatic and steric repulsion (11) .
These particular structural features confer to caseins unique potential as delivery systems of hydrophobic compounds, including binding capacity of ions and small molecules, surface-active and stabilizing properties, pH-responsive behavior, and shielding capability against radiation (12) . In this regard, a number of works have demonstrated the natural tendency of individual caseins or casein micelles to bind bioactive compounds such as vitamin D (13) , the flavor compound 2-nonanone (14) , anticancer drugs such as mitoxantrone (15) , curcumin (16) , docosahexaenoic acid (DHA) (17) , tea catechins (18) and β-carotene (19) .
The mechanical modification of casein micelles to enhance their spontaneous tendency to bind hydrophobic compounds is attracting considerable attention. The exposure of hydrophobic residues of the individual casein proteins during homogenization at ca. 300 MPa and micellar reassociation has shown to be an efficient method for the binding of hydrophobic compounds such as curcumin (20) , triclosan (21) , and α-tocopherol acetate (7) . However, to the best of our knowledge, no studies on the effect of homogenization pressures higher than 400 MPa on the loading capacity of casein micelles were reported. In the present study, we studied the effectiveness of water jet technology able to reach 500 MPa to process a dispersion of pasteurized skim milk, ritonavir, and ethanol followed by a freeze-drying for ethanol evaporation, with the purpose of developing a milk-based powder formulation appropriate for pediatric delivery of ritonavir. The use of skim milk powder as a carrier and the combination of the UHPH and freeze-drying constitutes a novel approach for drug delivery using micellar protein structures.
MATERIALS AND METHODS

Milk Source and Hydrophobic Probe
Commercial pasteurized skim milk (SM) was purchased from a local grocery store. Ritonavir (phase IIA) (RIT) was donated by Abbott Laboratories (North Chicago, IL, USA) and used as the hydrophobic probe for binding and release experiments. All other reagents were of HPLC or analytical grade. 
Preparation of Ritonavir-Casein Micellar Systems
Dispersions of 0.4% RIT and SM were prepared by ultrahigh pressure homogenization using a combination of Water jet technology and freeze-drying. RIT was initially dissolved in ethanol (28.6 mg RIT/ mL ethanol; Acros Organics, New Jersey, USA) under continuous agitation at 4°C until its complete dispersion. Then, RIT solution was slowly added to the skim milk under continuous agitation at room temperature to a final 14% (v/v) ethanol and 0.4% (w/v) RIT concentration. Immediately after that, 500 mL-aliquot was stored as control (RIT-SM 0.1) and the remaining dispersion was homogenized at 300 and 500 MPa (RIT-SM 300 and RIT-SM 500, using a Water jet system (Hyperjet 94 kpsi, Flow Corp., Kent, WA) equipped with zirconia-based intensifier pump and a shear resistant diamond nozzle of 4 μm internal diameter. To minimize the shear-induced increase in temperature of samples, a tube in tube heat exchanger (5.1 cm inner tube diameter; 7.6 cm outer tube diameter; 122 cm length) connected to a water bath set at 2°C (Isotemp 3016D, Fisher Scientific, Pittsburgh, Pa., U.S.A.) was placed immediately after the high-pressure nozzle. At the exit of the heat exchanger, liquid samples were collected in glass flasks to a volume of approximately 500 mL which corresponds to a RIT mass of 2 g. Non-homogenized SM without RIT (SM control 0.1) and SM without RIT run through the Water jet system at 300 and 500 MPa (SM control 300 and SM control 500) were also considered as controls. Like, RIT-SM systems, SM controls were also prepared with 14% (v/v) ethanol, as this is known to affect the casein micelle structure (it can cause immediate aggregation of casein micelles). Following homogenization, all samples were frozen at -40°C and freeze-dried to remove the ethanol and obtain a milk-based, ethanol-free powder that was stored at 4°C in a vacuum desiccator until use. Not much effect was expected due to the freezing of milk to -40°C. As an additional control, powder skim milk (no subjected to UHPH) was mixed with known amounts of RIT to obtain solid mixtures (RIT-SM mixtures) with different RIT content (0.4 -15%, w/w), which were analyzed immediately after their preparation.
Separation of Ritonavir Bound to Casein micelles from Free Ritonavir and Whey Proteins
Casein micelles capable to bind RIT were separated from free RIT and whey proteins by ultracentrifugation (UCF) at 100,000xg for 40 min at 20°C using an Optima TM L-100 K ultracentrifuge equipped with a fixed angle titanium rotor and polycarbonate tubes (Beckman Coulter, Fullerton, Calif., U.S.A). Immediately after ultracentrifugation, supernatants (UCF supernatants) were carefully transferred into vials using glass pipettes and pellets (UCF-pellets) were freeze-dried and stored at 4°C until further analysis.
Extraction and Quantification of Ritonavir
Extraction and quantification of RIT was carried out on noncentrifuged solid dispersions (total RIT) and UCFsupernatants (free RIT). Extraction procedure of RIT was based on a two-step liquid-liquid extraction method proposed by Zhang et al. (22) and previously used in our laboratory (23) . Briefly, solid dispersions, previously hydrated in distilled water at 9.38% (w/v; approximately, the solid content of skim milk plus 0.4% RIT), were mixed with acetonitrile (ACN) at a ratio of 2:1 (v/v) (ACN: sample), inducing protein precipitation. Then mixtures were vortexed and centrifuged at 12,000 xg for 15 min and then frozen at -40°C for a minimum of 6 h to further separate the remaining water soluble proteins (frozen bottom layer) from the RIT/acetonitrile rich top layer that remained unfrozen.
Identification and quantification of RIT in acetonitrile was carried out by RP-HPLC-UV. The RIT/acetonitrile liquid layer was transferred to HPLC vials and 10 μL injected to a HPLC (model 1200, Agilent Milford, MA, USA) equipped with a reverse-phase C 18 column (150×4.6 mm, 5 μm particle size, Zorbax Eclipse, Agilent Milford, MA, USA) at 25°C. As mobile phase, 55% ACN and 45% phosphate buffer (0.67 mM monobasic ammonium phosphate in water at pH 6.9) was used in isocratic mode for 30 min at a flow rate of 0.5 mL/min. Detection was monitored at 210 nm. Calibration was performed by using known concentrations of pure ritonavir (AP16, Abbott Park, USA), ranging from 0.05 to 2 mg/mL, diluted in skim milk and subjected to the same extraction process than samples. Calibration curves exhibited linearity (R 2 >0.99) throughout the course of the study.
Ritonavir extractions were carried out in duplicate and each sample was also analyzed by duplicate (n=4) for RIT quantification by RP-HPLC-UV.
Determination of Loading Efficiency
The efficiency of the UHPH method for loading of RIT in casein micelles and the percent of unassociated, or free RIT, were calculated by Eq (1) and Eq (2), respectively:
Where LE is the loading efficiency; RIT free is the concentration of RIT in UCF-supernatant and, hence, non-bound to casein micelles; and RIT total is the RIT concentration in the sample before centrifugation.
All analytical determinations were performed in duplicate.
Stability of Ritonavir-Loaded Casein Micelles
Turbidity measurements were used to evaluate the physical stability of freeze-dried RIT-SM systems reconstituted in distilled water at 9.38% w/v and pH adjusted at 6.9. Samples were diluted 1:8 using 20 mM imidazole buffer and subsequently absorbance at 550 nm of each sample was recorded at room temperature (20°C±2°C) using an UV-Visible spectrophotometer (Evolution 201, Thermo Scientific, USA) and monitored over 5, 12, 24, 36 , and 48 h. Samples were stored at 4°C and pH was controlled throughout the evaluation period. All measurements were done in duplicate. The samples were also monitored for changes in apparent average hydrodynamic diameter and RIT content over the same storage period (48 h), this latter allowing the study of stability or capacity to remain soluble (not precipitate) and, hence, bioaccesible in the gastrointestinal tract, of RIT bound to casein in comparison to that of the free form. For that, pure RIT was dissolved at the comparable concentration (0.4%, w/v) in 14%v/v aqueous ethanol and pH adjusted at 6.9 (the same as that of RIT-SM systems) and total RIT concentration in both reconstituted RIT-SM systems and pure RIT dispersion was measured at 0, 5, 12, 24, 36 and 48 h by RP-HPLC-UV after extraction with ACN, as explained above. The soluble or residual RIT content was determined with the following Eq. (3). Measurements were conducted in duplicate.
Where R 0 and R i are the RIT concentrations at the beginning of the study (t=0) and a specific time point (5, 12, 24, 36 or 48 h), respectively.
Characterization of Reformed Ritonavir Loaded-Casein Micelles by Intrinsic Fluorescence
For fluorescence quenching determination, UCF-pellets from SM controls and RIT-SM systems were hydrated at 0.5 mg/ mL in distilled water and adjusted to pH 6.9 before use. Ritonavir was dissolved in ethanol at a concentration of 0.1 M as a stock solution that was diluted with distilled water to 5 mM before titration. The fluorescence spectra were recorded using a spectrophotofluorometer (model RF-1501, Shimadzu Corp., Tokyo, Japan) using 10 mm path-length quartz cuvettes. The excitation wavelength was 285 nm. Both the excitation and emission slit widths were set at 10 nm. The emission spectra were recorded between 300 and 450 nm, with the background fluorescence calibrated using distilled water. All determinations were performed in duplicate.
Study of Ritonavir-Casein Micelle Interaction
Differencial Scanning Calorimetry (DSC) Assays
Thermal analysis of the dried UCF-pellets from SM controls and RIT-SM systems as well as of RIT-SM mixtures (0.4-15% RIT, w/w) was performed by using DSC (model Q2000, TA Instruments, USA) according to the method described by Sinha et al. (24) with modifications. Briefly, 7-10 mg of sample was placed in an aluminium pan (Tzero Pan, TA Instruments,, New Castle, DE, USA USA), crimped with a lid (Tzero Hermetic Lid, TA Instruments, New Castle, DE, USA) and kept in the differential scanning calorimeter unit along with a similar pan as a reference. The sample was heated at the rate of 10°C/min from the temperature range of 30-230°C. Nitrogen was used as a purge gas and flow was adjusted by keeping a constant pressure of 10-20 psi. All determinations were done in duplicate.
Fourier Transform Infrared (FT-IR) Spectroscopy
To gain more information about the interaction between casein micelles and ritonavir, FT-IR assays were carried out on the UCF-pellets of SM controls and RIT-SM systems. Briefly, FT-IR spectra of solid dispersion were obtained using a FT-IR system equipped with a germanium attenuated total reflection (ATR) accessory (Perkin Elmer Spectrum, Shelton, CT, USA). Solid sample was placed directly in the FT-IR sample holder in direct contact with the ATR crystal and IR spectra, in transmittance mode, were obtained in the spectral region 4,000 to 500 cm -1 using 1 cm -1 resolution. The FT-IR spectra were also obtained by the same method for the drug and SM controls. All determinations were done in duplicate.
Determination of the Morphology of RIT-SM Systems by Scanning Electron Microscopy (SEM)
Scanning electron micrographs were obtained to determine the morphology of RIT-SM solid dispersions. Samples, including pure RIT, pure RIT plus powdered SM (RIT-SM mixture), freeze-dried RIT-SM 0.1, 300 and 500 systems and freeze-dried RIT previously dispersed in ethanol (RITEtOH), were placed on the cover slides using double sticky copper tape prior to imaging. Subsequently, samples were imaged with a Zeiss Auriga FIB-SEM using a secondary electron detector (SE2). Parameters were 0.5 kV accelerating voltage and~2-4 mm working distance. Magnifications were 300-60,000 X. The SEM images were processed using ImageJ (Ver Java 1.6.0_20, National Institutes of Health).
Apparent average Hydrodynamic Diameter Analysis of RIT-SM Systems
Apparent average hydrodynamic diameter (D H ) of UCFpellets of samples obtained at 0.1, 300 and 500 MPa (solutions at 9.38%w/v in distilled water and diluted as needed for a proper analysis) was measured by photon correlation spectroscopy using a Delsa Nano C particle analyser (Beckman-Coulter, Fullertone, CA). Apparent average hydrodynamic diameter was calculated as the average of 70 autocorrelation functions (165°angle; 20 μm pin hole; 1% attenuation; >10 162 Kcps; refractive index 1.34). Measurements were carried out in duplicate. Calibration was checked using a standard provided by the manufacturer and by measuring native casein micelles from raw skim milk diluted in protein-free milk serum (pH 7.0). The term "apparent" is used because the assumption of a constant refractive index in samples processed using high pressure homogenization was challenged during these studies and slight over-estimation of hydrodynamic diameter and as well deviations in D H distribution were expected.
Rheological Properties of RIT-SM Systems
RIT-SM 0.1, 300 and 500 freeze dried powders were resuspended in distilled water to a final 9.38% (w/v) concentration for the determination of flow properties. Samples were left at room temperature (20°C±2°C) with intermittent stirring, to allow complete hydration. The rheological measurements were performed using a controlled stress rheometer (model AR2000, TA Instruments, New Castle, DE) equipped with a plate-plate geometry (40 mm diameter; 30 μm gap) on a Peltier plate set at 25°C. The flow curves were obtained by monitoring shear stress (τ, Pa) as a response to 0-120 s -1 shear strain rate (γ , s -1 ) ramp, with data recorded every 0.3 s during 1 min. All flow curves exhibited Newtonian behaviour according to:
Where η is the Newtonian viscosity (Pa·s). All determinations were done in duplicate.
Determination of In Vitro Ritonavir Release pH Triggered Release
Six grams of freeze-dried sample was dispersed in 65 mL HPLC water with a handheld homogenizer (9%, w/v). Reconstituted RIT-SM systems (initial pH of 6.9) were adjusted to pH 6, 5, 4.6, 4, 3, and 2 using 1 M HCl and pH 7, 8, 9, 10, 11, and 12 using 1 M KOH. The samples were magnetically stirred throughout the duration of the pH adjustment. At each target pH, five mL aliquots were removed after pH stabilized (approximately 5 min) to measure total RIT concentration and RIT serum concentration after ultracentrifugation as previously explained. All experiments and analytical determinations were done in duplicate.
In Vitro Gastrointestinal Digestion
With the aim of studying the effect of digestive enzymes on obtained casein-based RIT delivery systems, a gastrointestinal digestion model based on the method described by Moreno et al. (25) was used. This digestion model was based on in vivo data obtained by gastric and duodenal aspiration and from collection of effluent from ileostomy volunteers at the Institute of Food Research (Norwich, UK). The selection of the optimal digestive enzyme:substrate ratios reflecting those found in physiological conditions is a difficult task, as gastric and pancreatic secretions vary depending on genome as well as age, health status, and diet (26) . The in vitro model reported here resembles physiological conditions, but it does not perfectly mimic what happens in the human gastrointestinal tract. For the gastric digestion step, 422.5 mg of SM-RIT 0.1, 300 and 500 systems, equivalent to 150 mg of protein, were dissolved in 50 mL of simulated gastric fluid (SGF, 0.15 M NaCl, pH 2.5 adjusted with 1 M HCl). Then, a 0.32% (w/v) solution of porcine pepsin (EC 3.4.23.1, 3,300 activity units mg -1 of protein) in SGF was added to each sample at a 1:20 (w/w) ratio of enzyme to substrate, and digestion was performed in a shaking water bath at 37°C for 2 h, taking 5 mL sample aliquots at 5, 15 and 30 min. After this step, the pH was increased to 7.5 using 40 mM NH 4 HCO 3 to inactivate pepsin. For the intestinal digestion, the pH was adjusted to 6.5 and a duodenal environment was simulated by adding: (i) a bile salt mixture containing equimolar quantities (0.125 M) of sodium taurocholate and glycodeoxycholic acid, (ii) 1 M CaCl 2 , and (iii) 0.25 M Bis-Tris buffer, pH 6.5, at a final concentration of 7.4 mM, 9.2 mM and 24.7 mM, respectively. Solutions of porcine trypsin (0.05%, w/v, EC 3.4.21.4; type IX-S; 14,300 activity units mg -1 of protein) and bovine α-chymotrypsin (0.1%, w/v, EC 3.4.21.1, type I-S; 62 activity units mg -1 of protein) in water were then added at approximately physiological protein:trypsin:chymotrypsin ratios [1/(1/400)/(1/100), w/w]. Finally, samples were incubated at 37°C in a shaking water bath, and 5 mL aliquots were taken at 15, 30, 60, and 120 min. Trypsin and chymotrypsin were inactivated by heating at 80°C for 5 min. All aliquots, those obtained after incubation either with pepsin as with trypsin/ chymotrypsin, were subjected to RIT extraction and analysis by RP-HPLC-UV for determining total RIT concentration and RIT serum concentration as explained above. All experiments and analytical determinations were done in duplicate. All reagents and enzymes were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Statistical Analysis
Analysis of variance for variables total and free RIT, turbidity, apparent average hydrodynamic diameter, RIT stability and viscosity was done as completely randomized experiments with two replicates using SPSS version 17.0. Tukey's significant difference test was used to determine the statistical differences among treatment means. Differences were considered significant when p<0.05. Mean values are reported throughout the manuscript with coefficient of variation <10% in all cases.
RESULTS AND DISCUSSION
Ritonavir Recovery from Milk Fractions
RIT was extracted from the various samples and analyzed by RP-HPLC-UV. The response to RIT was found to be linear within the 0.5 to 2 mg/mL concentration range; the values of slope and correlation coefficient (R 2 ) of the obtained calibration curve were 47,276 and 0.999, respectively. As observed in Fig. 1 , chromatographic profile of RIT displayed a well-defined peak (t R =~11 min) with a shoulder probably due to impurities in the sample. In addition, an almost undetectable protein peak from remaining protein in sample after extraction was also observed with a retention time of~2 min, well separated from RIT peak, according to the results previously obtained by Roach et al. (23) .
Calculated RIT recovery after extraction from RIT-SM 0.1, 300 and 500 systems resulted to be 100, 100 and 97%, respectively, which is translated to a mass percentage of total RIT in samples obtained at 0.1, 300 and 500 MPa of 0.4, 0.4 and 0.39%, respectively. This is comparable to the 0.4% of RIT content in the initial milk solutions before UHPH and freeze-drying, confirming the suitability of the used extraction and quantification methods and discarding any possible loss of RIT during sample processing (homogenization, ethanol evaporation by freeze-drying or centrifugation step during extraction).
Ritonavir Loading Efficiency
UHPH at 300 and 500 MPa of skim milk in the presence of ethanol followed by ethanol evaporation by freeze-drying and protein separation by ultracentrifugation, resulted in a significant reduction in the amount of RIT in the serum, as free RIT concentration dropped below 3% in both RIT-SM 300 and 500 vs. initial RIT level. For RIT-SM system not subjected to UHPH (RIT-SM 0.1), free RIT concentration was significantly higher (p<0.05) than at 300 and 500 MPa, but still low (5.3%), indicating that at 0.1 MPa the interaction RIT-casein micelles was also important. The loading efficiency (%LE), calculated as defined in Eq. (1), resulted to be 94.7, 97.4 and 98.6% for RIT-SM 0.1, 300 and 500 systems, respectively, which indicates that more than 94% of ritonavir is interacting with casein micelles for all assayed treatments. The fact that RIT-SM 0 displayed a similar %LE (94.7%) to that of systems obtained at 300 (97.4%) and 500 MPa (98.6%) suggests than casein micelle spontaneously interacts with RIT when ethanol is used as co-solvent. The high %LE of RIT to casein micelles in absence of UHPH occurred only when a previous dispersion of RIT in ethanol was used. In absence of ethanol, RIT quickly precipitated and no RIT-casein interaction was evident (data not shown). In this sense, an additional study in which the drug is not previously dispersed in ethanol could result interesting to really understand the effect of UHPH on drug encapsulation within the casein micelle. Nowadays, this is carrying out in our lab.
Stability of Ritonavir-Casein Micellar Systems and Improvement of Ritonavir Dispersibility after Interaction with Caseins
Assessing the stability of RIT-SM systems is crucial to determine whether the formulation is stable long enough for handling and administration. Freeze dried samples re-suspended in water were kept under refrigeration for 48 h without stirring and absorbance (550 nm) and total ritonavir in supernatants were measured overtime. Table II shows turbidity measurements of reconstituted RIT-SM 0.1, 300 and 500 systems over 48 h. Samples were physically stable as turbidity barely varied over time, just a decrease of 9-13% over the 48 h being observed.
To study the dispersibility or capacity to remain soluble of RIT bound to casein in comparison to that of free RIT, total RIT concentration in reconstituted RIT-SM 0.1, 300 and 500 systems and pure RIT dispersion at 0, 5, 12, 24, 36 and 48 h was also determined. As expected, dispersion of RIT in water with low ethanol content (14% v/v ethanol in water) quickly precipitated and <7% of initial RIT content was quantified in the soluble phase after 48 h (calculated by Eq. (3)) ( Table II) . The poor stability of RIT was significantly improved after interaction with casein micelles, particularly in RIT-SM systems obtained at 300 and 500 MPa where 98 and 94% remaining RIT, respectively, was quantified after 48 h. These results indicate that interaction with casein micelles allows dispersion of water-insoluble RIT in aqueous phases.
Effects of UHPH and Ritonavir Loading on Structure of Casein Micelles
Changes in the emission spectra of tryptophan are used to evaluate structural changes of proteins, as these changes affect the local environment that surrounds the indole ring, causing shifts of wavelength of maximum fluorescence and fluorescence intensity. In particular, the maximum fluorescence intensity can be quenched by the added molecules, as the excited state of the indole ring can donate electrons to the neighboring molecules (11, 16) . Figure 2 shows the Trp fluorescence emission spectra of SM controls and RIT-SM systems. When excited at 285 nm, SM control 0.1 MPa exhibited the typical fluorescence emission spectrum of unheated skim milk, with a Trp emission maximum (λ max ) at 332 nm (11) . At both 300 and 500 MPa, the Trp-fluorescence intensity (Trp-FI) increased in SM controls, and this was accompanied by a slight shift of the Trp (23, 27) . This is in agreement with previous works, which reported that high pressure treatment could effectively modify the flexibility of casein molecules leading to an opening of micelle assemblies to aqueous solvent, which might explain the increase observed in Trp-FI. Particularly, the pressure-induced solubilization of α s1 -and α s2 -caseins, essentially located in the micelle core, suggested that high-pressure destabilized micelles including their internal structure (28) .
In the case of RIT-SM 300 and 500 systems, the Trp-FI was lower than that of SM controls 300 and 500 (Fig. 2) , which can be attributed to the quenching of the fluorescence signal by RIT bound to caseins. Moreover, compared to SM controls 300 and 500, a blue shift of the Trp emission maximum to a more hydrophobic environment (333 nm) was observed in RIT-SM 300 and 500 systems, probably due to the association of RIT to hydrophobic areas of the caseins. Since Trp residues are mostly located in the interior of the casein micelles, the fluorescence quenching and the blue shift suggests that during UHPH and ethanol evaporation RIT accesses the hydrophobic sites in the interior of the micelles, changing the casein conformation, as previously reported by Sahu et al. (16) in a study on curcumin-casein micelle complexation.. However, Trp fluorescence emission spectrum of RIT-SM 0.1 was similar to that of SM control 0.1 MPa, with no quenching or fluorescence shift observed. These results suggest that loading RIT at 0.1 MPa did not strongly affect the casein micelle conformation.
Interactions Between Ritonavir and Casein Micelles
Differencial Scanning Calorimetry (DSC) Assays
To study the interaction between RIT and casein micelles, DSC was performed on native ritonavir, UCF-pellets of SM controls and RIT-SM systems at 0.1, 300 and 500 MPa, and RIT-SM mixtures with different RIT content (0.4-15%, w/w). As shown in Fig. 3a , the thermogram for SM 0.1 MPa displayed a broad and smooth endothermic peak due to the evaporation of water contained in samples (~10%, w/w) from 50 to 150°C (29) and another stronger endothermic peak at 186°C, due to thermal degradation of casein, similar to that found by Elzoghby et al. (30) . The characteristic peak at 186°C shifted to 189 and 195°C after treatment by UHPH at 300 (Fig. 3b ) and 500 MPa (Fig. 3c) , respectively, suggesting that homogenization protects casein against thermal degradation. The RIT thermogram revealed an endothermic peak at 125°C ( Fig. 4) , which was attributed to the melting of RIT used in this study, confirming its form II crystalline nature in agreement with previous reports (31) .
In RIT-SM mixtures, all characteristic peaks of both components (casein and RIT) were detectable, but at different melting point. So that, with decreasing RIT concentration, the drug peak was shifted to a lower melting point (~112°C) and lost its sharp and distinctive appearance, indicating a reduction of drug crystallinity (Fig. 4) . Likewise, the major endothermic peak of casein was also shifted to a lower melting point with increasing RIT concentration. Thus, for 0.4% RIT, the drug concentration in homogenized systems, the RIT displayed a small but still detectable endothermic peak and casein showed a peak at 178.4°C, notably shifted with respect to the original peak at 186°C (Fig. 3a) . According to results obtained by Elzoghby et al. (30) from their study on the development of a novel casein-based delivery system for flutamide, the shift of the RIT peak may be explained by presence of excess drug at micellar surface that is not completely incorporated to the micelle or may be due to physical interactions between caseins and some aggregated and amorphous state of the RIT at the micelle surface, which would also explain the shift of casein peak.
In RIT-SM 300 and 500 systems ( Fig. 3b and c, respectively), no endothermic peak of RIT was observed around its original melting point. Moreover, thermograms revealed endothermic peaks corresponding to thermal degradation of casein at 181 (RIT-SM 300) and 190°C (RIT-SM 500), shifted to lower melting point with respect to those of SM 300 (189°C) and 500 (195°C). Thus, based on results from thermal analysis of RIT-SM mixtures (Fig. 4) , the complete disappearance of the drug melting peak as well as the shift of casein peak observed in RIT-SM systems obtained after UHPH, especially at 300 MPa, might be attributed to the RIT integration within casein micelles in an amorphous state. This is supported by results previously obtained from intrinsic fluorescence (Fig. 2) .
In the case of RIT-SM 0.1 system (Fig. 3a) , characteristic peak of casein also appeared shifted to lower melting point (183°C) with respect to SM control 0.1 MPa (186°C), but in lesser extent than RIT-SM 300 and 500 systems. Moreover, traces of free RIT were observed in the thermogram of RIT-SM system at 0.1 MPa (results not shown), indicating that RIT present initially in the system did not totally bind to casein micelles, according to results from loading efficiency determination. This suggests that, at 0.1 MPa, association between RIT and caseins is more limited than at 300 and 500 MPa, this not being completely incorporated within the casein micelle, in agreement with results from Trp fluorescence (Fig. 2) , where no changes in conformation of RITloaded casein micelle was observed.
FT-IR Spectroscopy
To confirm the existence of interactions between RIT and casein micelles in studied RIT-SM systems, FT-IR spectra of UCF-pellets of SM controls and RIT-SM systems were also obtained and analyzed (Fig. 5 ). In agreement with previous studies (30, 28) , spectra of SM control 0.1 MPa showed all the normal features of a protein, with strong amide I and II peaks centering on 1,642 and 1,542 cm -1 , respectively, and other bands at 3455.86 and 1235.4 cm -1 originated also from N-H stretching and amide bending vibrations. All the strong and weak intensity bands of casein were detected in the spectra of homogenized SM controls (Fig. 5a ). However, a shift in peaks corresponding to amides I and II to 1,637 and 1,546 cm -1 , respectively, was observed in both controls, suggesting that UHPH alters the casein conformation.
In the case of RIT-SM systems, several differences with respect to SM controls were found in terms of shift of peaks from their original position and changes in intensity. Thus, as observed in Fig. 5a for RIT-SM 300 and 500 systems, the amide II peak shifted to 1,516 and 1,525 cm -1 , respectively, and its intensity increased with respect to that observed in spectra of SM controls. Similarly, the peak at 1,253 cm -1 in SM controls 300 and 500 appeared shifted to 1,238 cm -1 in both RIT-SM 300 and 500 systems and with higher intensity, like peaks at 1,391 and 1,440 cm -1 , with higher intensity than those of SM controls, but not shifted. The peak shift and changes in band shape and slope for amides indicated the alteration of the conformation of casein micelles (29) during UHPH treatment. Non-homogenized RIT-SM system, however, just displayed a slight shift of peak corresponding to amide II, but not changes in intensity, suggesting that, at 0.1 MPa, RIT loading does not modify notably casein conformation, according to previous results from Trp fluorescence (Fig. 2) and DSC (Fig. 3a) .
Pure RIT spectrum (data not shown) displayed characteristic peaks at 3,356 cm -1 (N-H stretching amide group), 3,030 cm -1 (CH stretching), 1,716 cm -1 (ester linkage), and 1,645, 1,622, and 1,522 cm -1 (-C=C-stretching aromatic carbons) (24, 32) as well as two absorption bands at 2,870 and 2,960 cm -1 assigned as hydrogen bonding between ritonavir molecules, which could not be broken by aqueous fluid during dissolution resulting into low solubility (33) . The characteristic peak of RIT at 2,960 cm -1 , not detected in spectra of SM controls, was present in spectra of all the RIT-SM systems studied, this having higher intensity in homogenized systems at 300 and 500 MPa (Fig. 5b) . This indicated intermolecular hydrogen bonding formation between some of the 6/4 hydrogen acceptors/donors of RIT and some of the amino acids able to participate in hydrogen bonds of casein proteins (Gln, Asn, His, Ser, Tyr, Thr, Cys, Met, Trp) during treatment, which proves that, during UHPH treatment, RIT strongly interacts with the protein matrix, altering significantly the conformation of casein micelles. Moreover, this intermolecular hydrogen bonding formation could also be related to the higher dispersibility and stability in aqueous solutions of RIT bound to casein micelles (34) .
To further study the nature of interaction between RIT and casein micelles and confirm previous results, pure RIT, RIT-SM mixture, RIT-SM 0.1, 300 and 500 systems and a control consisting in freeze-dried RIT previously dispersed in ethanol (RIT-EtOH) were analyzed by SEM. Moreover, determination of the apparent average hydrodynamic diameter and rheology of RIT-loaded casein micelles was carried out. Figure 6a shows SEM micrograph of pure RIT crystals which displayed a similar morphology to that previously reported in the literature (35) . Such crystalline structure was also observed in the case of the solid mixture formed by RIT and powdered SM (RIT-SM mixture) (Fig. 6b) . However, dispersion of RIT in ethanol and subsequent freezing and freeze-drying (RIT- and freeze-dried RIT-SM 0.1 (e and f), 300 (g) and 500 (h) systems.
Determination of the Morphology of RIT-SM Systems by SEM
EtOH) gave rise to an aggregated and amorphous state of RIT as showed the SEM micrographs in Fig. 6c and d . Figure 6e -h show the SEM micrographs obtained for freeze-dried RIT-SM 0.1, 300 and 500 systems. As expected, in the three systems, RIT showed an amorphous state similar to that observed in RIT-EtOH. However, differences regarding its interaction with the protein matrix were observed. As it is clearly observed in Fig. 6e and f, at 0.1 MPa, RIT is interacting with the surface of the protein matrix. However, at 300 and 500 MPa (Fig. 6g and h, respectively) , RIT was found more embedded or integrated into the matrix, but not on the surface, demonstrating that RIT strongly interacts with the casein network, in agreement with results from DSC and FT-IR. Table II shows results obtained after apparent average hydrodynamic diameter analysis by photon correlation spectroscopy. As observed, at time 0 (measurement just after hydrating in distilled water the RIT-SM 0.1, 300 and 500 systems), apparent average hydrodynamic diameter of casein micelles increased with increasing pressure, by 14% at 300 MPa, and by 25% at 500 MPa. Such increase in the apparent average hydrodynamic diameter might be related to the decrease in Trp fluorescence intensity observed at 500 MPa with respect 300 MPa (Fig. 2) as a result of the masking of Trp residues. These findings were in agreement with Roach et al. (23) who observed an increase in the average hydrodynamic diameter of reformed casein micelles in dispersions of skim milk, triclosan and ethanol subjected to homogenization up to 300 MPa and ethanol evaporation by spray-drying. According to these authors, the increase in apparent average hydrodynamic diameter was due to the extensive dissociation of the caseins during homogenization, giving rise to smaller casein aggregates, called neo-micelles, and subsequent re-aggregation of the neo-micelles in the homogenization valve due to: i) the shear-induced increase in temperature that promotes strong hydrophobic interactions among individual caseins; high pressure-induced denaturation of β-lactoglobulin and subsequent complexation with caseins; and iii) aggregation of neomicelles due to lack of steric repulsion owing to the removal or collapse of κ-casein from the micelle surface during the UHPH treatment. Re-aggregation of caseins gives rise to a compact protein matrix, which was also observed by scanning electron micrographs of RIT-SM mixture and RIT-SM 300 and 500 systems (Fig. 6) .
Determination of the Apparent Average Hydrodynamic Diameter of RIT-Loaded Casein Micelles
Rheology of RIT-Loaded casein Micelles
All samples displayed flow curves corresponding to Newtonian fluids when subjected to a shear strain rate from 0 to 120 s -1 . Table III shows average viscosity and coefficient of variation for the observed viscosity values. Like apparent average hydrodynamic diameter, a significant (p<0.05) increase in viscosity values was observed in all the RIT:SM systems studied, this being higher with increasing processing pressure. This might be highly correlated to the highpressure-induced increase in the micelle size as a result of the compaction and aggregation of the smaller neo-micelles with themselves or β-lg. Moreover, according to Fox (36) , intermolecular interactions and packing density are largely responsible for the rheological behavior of casein micelle systems, so that the increase observed in viscosity might be also attributed to the strengthening of protein-protein interactions from the rearrangement of micellar proteins during homogenization and ethanol evaporation resulting in more tightly associated proteins.
Ritonavir Release Behaviour of Casein Micelles
Two major factors governing the success of a carrier to enhance bioavailability are drug loading capacity and release behavior (37) . Previous results have demonstrated that casein micelles possess a higher RIT loading capacity. Changes in pH of the gastrointestinal tract and the presence of digestive enzymes play a major role in effective delivery of orally administrated drugs (38) . Thus, with the aim of evaluating the capacity of RIT-SM systems obtained by UHPH to serve as a potential oral delivery systems of ritonavir, two different experiments were carried out: i) RIT release under a wide range of pH values (from 2 to 12); and ii) RIT release during in vitro gastrointestinal digestion.
pH Triggered Release
The response of RIT-loaded casein micelles to environmental pH changes was studied. Figure 7 shows total RIT concentration throughout all experiment and concentration of RIT free in the serum at each pH value assayed (from 2 to 12). Total RIT concentration (amount of RIT in the entire sample prior to ultracentrifugation) remained constant until pH 9, from which a decrease in the recovery of RIT was observed probably due to RIT degradation under these strong alkali conditions as suggested by an additional peak observed at t R = 12 min in the HPLC profile of samples with pH>10 (data not shown).
As observed in Fig. 7 , at the natural pH of the reconstituted RIT-SM systems (pH 6.9), ca. 94, 97 and 98% of total amount of RIT was associated to casein micelles in systems subjected to 0.1, 300 and 500 MPa (calculated by Eq. (1)), respectively, and<6% was found free in the serum after centrifugation (calculated by Eq. (2)). When pH was reduced from 6.9 to 4, free RIT levels were significantly reduced, the highest amount of RIT bound to micelles being observed at ca. pH 4.6. At this pH (pI of casein proteins) casein micelle precipitated out of solution dragging loaded RIT and negligible amounts of free RIT were found for all RIT-SM systems at this pH (Fig. 7) . However, as pH was increased to 8, 9 and 10, a higher release of RIT from caseins to the milk serum was observed. This was especially constant for RIT-SM systems 0.1 MPa, with a maximum amount of free RIT of 7% at pH 10. For RIT-SM 500 system, a fast increase of the RIT release was observed from pH 7, reaching a maximum amount of free RIT of 10.14% at pH 9. And RIT-SM 300 system, unlike systems at 0.1 and 500 MPa, showed a moderated increase of RIT release with increasing pH, a maximum amount of free RIT of 2.84% being observed at pH 9. Once this maximum was reached, a decrease in free RIT content was found for all RIT-SM systems probably due to RIT degradation at these pH values, as mentioned above. Similarly, when pH was reduced to 3 and 2, RIT was released from the caseins increasing RIT free levels even more than at pH>7.
The increase in the RIT release observed at extreme pH values is probably due to the breakdown of micellar integrity under extreme acidic and alkaline conditions leading to its dissociation to submicellar components. This is in agreement with Huppertz et al. (39) who observed alkaline disruption of the casein micelle at pH >10.0 as a result of: i) the disruption of the ionic and hydrophobic interactions, responsible for maintaining micellar integrity. As the pH increases, solubility of the calcium phosphate is reduced and ionic calcium and phosphate in the serum migrates into the micelle, so that the volume of water available to hydrate the exposed protein surfaces increases (40) , favoring protein-solvent interactions more than ionic interactions of casein proteins along the phosphoserine residues and protein-protein interactions among the hydrophobic protein regions; ii) and the increase in the intermolecular repulsion due to the higher net negative charge of the casein proteins at alkaline pH. According to our results, RIT-SM 300 system showed a slower release of RIT than systems obtained at 0 and 500 MPa under alkaline conditions, suggesting that structural changes undergone by casein micelle during UHPH at 300 MPa might make it more resistant against dissociation under these conditions. The acidic dissociation of the casein micelle at pH values below 4.0 has not been previously reported. However, it is well-known that as the pH drops below the pI, the ionization of acidic amino acids decreases whilst that of the basic amino acids increases, so that this increase in the net positive charge on the micelle might promote intermolecular repulsion leading to micellar dissociation. Moreover, during acidification, solubility of the calcium phosphate is increased, migrating from the micelle to the serum and further encouraging micelle dissociation. 
In Vitro Gastrointestinal Digestion
The use of in vitro gastrointestinal digestion models is an economical and efficient method for screening the relative bioaccessibility of compounds in various matrices and is usually a necessary prerequisite for focused animal and human studies (41) . As opposed to bioavailability (amount of drug that is absorbed, transport across the intestinal epithelia and present within blood circulation system for cellular utilization), bioaccessibility is measured as the amount of drug soluble in the intestinal tract and available for absorption, which is often the first step towards assessing bioavailability. Thus, to study the effect of digestive enzymes on delivery capacity of the RIT-SM systems obtained by UHPH at different pressures and, thus, to know the bioaccesibility of RIT when it is ingested orally in these kind of milk-based formulations, RIT-SM 0.1, 300 and 500 systems were subjected to an in vitro gastrointestinal digestion model consisting of a first stage of gastric digestion with pepsin for 120 min at 37°C and a second stage of duodenal digestion with trypsin/ chymotrypsin for 120 min at 37°C.
Total RIT concentration (amount of RIT in the entire sample prior to ultracentrifugation) remained constant during gastric phase; however, during duodenal phase, a decrease in recovery of total RIT was observed (Fig. 8) . Tiwari and Bonde (42) , in a stress study where ritonavir was subjected at 80°C for 5 h at neutral pH, observed the formation of four degradation products. Thus, it is probably that heating at 80°C for 5 min to inactivate trypsin and chymotrypsin promotes some ritonavir degradation, which might explain the decrease observed in the recovery of total ritonavir during the duodenal phase.
During gastric phase of digestion, the release of RIT in all RIT-SM systems was prevented (Fig. 8) , only<7% of the total amount of RIT being found free in UCF-supernatants. This is according to Benzaria et al. (20) , who in a study on the effect of dynamic high-pressure on the interaction of curcumin with phosphocasein micelles (PC), observed that digestibility of PC-curcumin complexes were quite resistant to in vitro pepsin treatment. Such results indicate that casein proteins strongly retain RIT in conditions simulating the stomach environment, which might be attributed to that under acidic conditions of gastric solution casein proteins precipitate along with RIT, preventing its release. Acid-induced precipitation leads to a higher protective effect against proteolysis by pepsin, which could be explained as peptic cleavage sites (hydrophobic or aromatic amino acid side chains) are buried after aggregation and precipitation of caseins, forming a strong hydrophobic core and preventing hydrolysis.
After 2 h of gastric digestion, the pH was raised to 6.5, irreversibly inactivating pepsin and mimicking the transfer of gastric contents into the duodenal compartment. Combined trypsin/chymotrypsin digestion of RIT-SM 0.1, 300 and 500 systems in the presence of bile salts was followed for up to 120 min in the duodenal phase.
Conversely to the stage of gastric digestion, over 30% of the total amount of RIT was quickly released after 15 min of incubation with trypsin/chymotrypsin. After 120 min,~40% of the total amount of RIT was released by casein micelles in the intestine, a slightly higher release of RIT being observed for RIT-SM 300 system (Fig. 8b) . Based on the results from the pH triggered release, less than 5% of RIT was released at the equivalent pH of 6 or 7. This might be due to trypsin and chymotrypsin activity that proteolyzes casein micelles promoting or enhancing RIT release, suggesting, along with results from pH triggered release, that casein micelle dissociation and/or casein proteolysis is necessary for the release of bound compounds, in this case RIT. This is in agreement with Benzaria et al. (20) , who observed that in vitro pancreatin treatment caused a greater and faster curcumin release than pepsin treatment. However, despite of the digestive enzyme effect, bioaccessibility of RIT resulted to be lower than we expected probably due to the strong interaction with casein micelles in the three studied systems.
CONCLUSIONS
Determination of loading efficiency showed that RIT interacts efficiently with casein micelles, regardless of the processing pressure, probably due to the previous dispersion of RIT in ethanol which facilitates its interaction with casein micelles. Such association significantly improved RIT stability as compared to that of free RIT in 14% aqueous ethanol.
Moreover, results showed that the nature of the RIT-casein micelle interaction is processing-dependant. So that, it can be hypothesized that, at 300 and 500 MPa, RIT is completely incorporated within the protein matrix resulting from the UHPH treatment, probably interacting with the hydrophobic regions located in the micelle core, whilst at 0 MPa, although RIT efficiently interacts with casein micelles, their association is more limited, so that drug is not integrated to the protein matrix but it mainly interacts at the surface.
In vitro experiments at different pH values and under simulated gastrointestinal conditions showed that release of RIT associated with casein micelles is pH-dependant, so that casein micelle efficiently protects associated hydrophobic compounds from degradation in the acidic environment of the stomach, as it allows bypassing the gastric environment and delivering RIT in the early portions of the small intestine. In the case of RIT, this could avoid nausea, diarrhea, and vomiting related to its direct effect on stomach.
Rate and extent of RIT absorption in the casein-based formulation is expected to be at least equivalent to that of the commercial product. However, further in vitro studies with Caco-2 cells and, especially, in vivo experiments are necessary to confirm both the effectiveness and oral bioavailability of obtained RIT-casein micellar systems. Currently, an in vivo study with piglets is being carried out in our lab with this purpose.
In conclusion, based on results derived from this work, we can say that casein micelles are potentially suitable and efficient carriers systems to develop cheap and easily usable milkbased and low-ethanol powder formulations of ritonavir with better physicochemical properties (water-soluble) than the current commercial product, which might allow the economic health care for children with HIV.
